Flavin is one of the most versatile redox cofactors in nature and is used by many enzymes to perform a multitude of chemical reactions. D-Amino acid oxidase (DAAO), a member of the flavoprotein oxidase family, is regarded as a key enzyme for the understanding of the mechanism underlying flavin catalysis. The very highresolution structures of yeast DAAO complexed with D-alanine, D-trifluoroalanine, and L-lactate (1.20, 1.47, and 1.72 Å) provide strong evidence for hydride transfer as the mechanism of dehydrogenation. This is inconsistent with the alternative carbanion mechanism originally favored for this type of enzymatic reaction. The step of hydride transfer can proceed without involvement of amino acid functional groups. These structures, together with results from site-directed mutagenesis, point to orbital orientation͞steering as the major factor in catalysis. A diatomic species, proposed to be a peroxide, is found at the active center and on the Re-side of the flavin. These results are of general relevance for the mechanisms of flavoproteins and lead to the proposal of a common dehydrogenation mechanism for oxidases and dehydrogenases.
D
-Amino acid oxidase (DAAO) was one of the first enzymes to be described and the second flavoprotein to be discovered in the mid 1930s (1, 2) . It catalyzes the dehydrogenation of D-amino acids to their imino counterparts via the Michaelis complexes M1 and the reduced flavin-product complex M2 (Fig.  1 ). The reduced flavin is then (re)oxidized by dioxygen to yield FAD ox and H 2 O 2 , whereas the imino acid spontaneously hydrolyzes to the keto acid and NH 4 ϩ . Although DAAO is present in most organisms and mammalian tissues, its physiological role in vertebrates has been unclear (3) . Most recently, however, a specific role of DAAO in the degradation of the neurotransmitter D-serine in brain has been proposed (4), consistent with a role in the regulation of neurotransmission.
The dehydrogenation, catalyzed by the class of flavoprotein oxidases and dehydrogenases, as exemplified by DAAO, is a fundamental biochemical reaction. Despite this, its molecular mechanism is still a matter of dispute and has evoked several contrasting proposals over the years. In 1971, Walsh et al. (5) discovered that pig kidney DAAO (pkDAAO) catalyzes the elimination of halide from ␤-halogenated amino acids. This led to the seemingly reasonable conclusion, found in most biochemistry textbooks, that catalysis involves abstraction of the amino acid ␣H as H ϩ via the so-called ''carbanion mechanism,'' a process that requires an active site base. This concept was challenged in 1975, based on work with pkDAAO reconstituted with the artificial cofactor 5-deazaFAD by Hersh and SchumanJorns (6), who favored a hydride mechanism proceeding via transfer of the substrate ␣COH to the flavin N (5). These mechanisms, the carbanion and the hydride transfer, represent the two extremes under consideration for such a chemical oxidation reaction.
Recently the three-dimensional structure of pkDAAO complexed with benzoate, iminotryptophane, and o-aminobenzoate at 2.5-to 3.0-Å resolution was reported by two independent groups (7) (8) (9) (10) . The mechanistic interpretations of the structural data were quite contrasting. On the basis of molecular modeling of D-leucine into the active site of pkDAAO, Miura et al. (10) proposed an electron-proton-electron mechanism in which ''. . . two electrons flow from the amino lone-pair in concert with the ␣-proton abstraction by N(5) of flavin.'' This formulation could explain ␤-halide elimination. On the other hand, Mattevi's group favored a classical hydride mechanism based on the mode of interaction of substrate (D-alanine) modeled into the active site of pkDAAO (7) . This latter hypothesis is supported by linear free energy correlations, which indicate that no significant charge develops in the transition state of the reaction catalyzed by Trigonopsis variabilis DAAO (11) . Kinetic isotope effects are consistent with a concerted cleavage of the substrate COH and NOH bonds in the catalytic reaction and argue against the occurrence of intermediates (11) . Here we report the very high-resolution three-dimensional structure of DAAO from the yeast Rhodotorula gracilis (RgDAAO) complexed with Dalanine, D-trif luoroalanine (D-F 3 -Ala), and L-lactate. The relative orientation of the flavin cofactor and of the substrate͞ ligands is unequivocally in favor of a hydride mechanism as proposed by Mattevi et al. (7) .
Materials and Methods
Protein Preparation, Spectral Characterization, Crystallization, Data Collection, and Reduction. Recombinant RgDAAO was obtained as described previously (12) . K d s for ligands were measured spectrophotometrically with 1-ml samples of Ϸ10 M enzyme in 50 mM Na pyrophosphate buffer, pH 7.5 (ϩ 1%, vol͞vol glycerol), at 15°C. Spectral changes were followed at 345 (Llactate) and 485 nm (D-F 3 -Ala). Crystals were grown with the hanging drop vapor diffusion technique by mixing 4 l of concentrated protein in 20 mM Hepes buffer, pH 7.5, with an equal volume of reservoir solution (100 mM Hepes, pH 7.5͞15% polyethylene glycol 10,000͞200 mM ammonium sulfate containing 1 mM L-lactate). Crystals grew within 5 days to a final size of approximately 350 ϫ 350 ϫ 150 m at 18°C. For the D-Ala complex, a crystal was soaked with 20 mM D-alanine in the presence of 200 mM pyruvate. During this procedure, the crystal became colorless and remained so during data collection. It diffracted to 1.2 Å at the ϫ11 beam line at Deutsches Elektronen Synchrotron (DESY), Hamburg. The D-F 3 -Ala crystal was prepared by soaking with a mixture of 10 mM DL-F 3 -Ala. Data from this crystal were measured to 1.72 Å resolution at a rotating anode x-ray source (Schneider, Offenburg, Germany) with a MAR345 image plate system. Data from RgDAAO complexed with L-lactate were collected to 1.47 Å at the BW7B beam line at DESY. All crystals were flash frozen in the presence of 20% glycerol as a cryoprotectant. Data reduction and space group determination were done by using XDS (13) .
Molecular Replacement and Refinement. Rotation and translation functions were calculated with CNS (14) by using pkDAAO (Protein Data Bank code 1AA8) (10) as a search model, and an unambiguous solution was found. The resulting electron density maps were of sufficient quality to model the correct protein sequence and the FAD cofactor. The model was refined with CNS by using standard protocols for simulated annealing, minimization, and B factor refinement. At an R factor of 20.4%, refinement was continued with SHELXL (15) . The model obtained from refinement with the 1.47 Å data set was used as a starting point for the refinement of the 1.20 Å and 1.72 Å data sets (Table 1) . H-atom positions were derived from the positions of C, N, O, and S atoms by SHELXL and refined in their ''riding'' geometry against the 1.20-and 1.47-Å data sets. Geometry restraints in refinement were those by Engh and Huber (17) for the protein or were obtained from coordinates deposited in the Cambridge Structure Database for the ligands. Water molecules were assigned, and their occupancy was refined with SHELXL if they appeared in difference electron density maps and were also visible in 2F o Ϫ F c maps. For the structures at 1.20 Å and 1.46 Å, no restraints for FAD were implemented in SHELXL. For the identification of the ligand(s) in the 1.20-Å structure, the following procedure was used: (i) pyruvate with restraints on its planar configuration was first modeled into the electron density. The resulting fit of the model and the electron density were unsatisfactory. (ii) D-Ala without tetrahedral restraints gave a good fit to the electron density. (iii) A mixture of D-Ala and pyruvate as alternate ligands with a total occupancy of 100% did not improve the fit substantially but yielded estimates for the occupancy of D-Ala and pyruvate of 80 and 20%, respectively. The bond angles found around the ligand ␣C center are: 114.3°( C␣,N,CH 3 ), 112.2°(C␣,N,COOH), 119.3°(C␣,COOH,CH 3 ). A full description of the structures will be presented elsewhere (unpublished work).
Results
Structure of RgDAAO in the Presence of Active-Site Ligands. D- Alanine was selected as ligand, because it is one of the best substrates and binds reasonably tightly (K d Ϸ 3.0 Ϯ 0.8 mM at pH 8.5 and 25°C) (18) . Its reaction with (yellow) oxidized flavin was expected to yield the (colorless) complex of reduced flavin with the product iminopyruvate and corresponding information. Parentheses denote the highest shell. Rmrg-F ϭ ¥ ͉ Ihkl Ϫ ͗Ihkl͘ ͉͗͞Ihkl͘, where Ihkl is the intensity of an observation of reflection hkl, and ͗I hkl͘ is the average intensity for reflection hkl. *The same test set of reflections was used for calculating R free (16) in all refinements.
† For disordered residues, only the major component atoms were considered. ‡ Calculations performed with SHELXPRO (17) .
flavin. From the structure of the L-lactate complex (K d ϭ 16.2 Ϯ 1.4 mM), information complementary to that arising from the D-enantiomeric ligands was expected. The structure of RgDAAO colorless crystals assumed to contain reduced flavin was solved and refined at 1.20 Å (Fig. 2) , at which resolution differences in the number of electrons between carbon, nitrogen, and oxygen can be visualized (Figs. 3,  4 , and 5). Electron densities for hydrogens are observed at defined positions such as the flavin N(3), C(6), and C(9) atoms (sp 2 hybrids), as well as C(1Ј) and C(7) (sp 3 hybrids) (Fig. 5) . Two crucial issues in the context of this structure are the nature of the ligand and the oxidation state of the flavin. The latter would be defined by the presence of N(5)OH in the electron density. Visualization of electron density differences corresponding to less than one electron, however, is at the limit of the experimental error. For these reasons and because of H-inversion at the N(5) pyramidal center, which reduces the occupancy on each of the two (Si and Re) sides of the reduced flavin plane to 0.5, this is not possible (Fig. 5) . On the other hand, the following findings support the presence of predominantly reduced flavin: the crystals remain colorless until completion of data collection, and the flavin is thus, at least to a major extent, in its reduced form. The lengths of specific bonds inside the isoalloxazine are different from those found for the complexes with L-lactate and D-F 3 -Ala, which contain oxidized flavin. The largest difference is found for the length of the N(5)OC(4a) bond, which also exhibits the largest changes on reduction in small-molecule x-ray structures of flavin models (20) . In the D-Ala complex, the N(5)OC(4a) length is 1.477 (Ϯ0.014) Å. This is consistent with the length of the N(5)OC(4a) single bond reported for the reduced flavin model (1.418 Å) and compares to 1.300 Å for the For the ligand, alanine or (imino)pyruvate is the species to be considered. As shown in Fig. 4A , both the ␣C and ␣N atoms have significant tetrahedral character, although the angles between the bonds (see Materials and Methods) do not correspond to the values of an ideal tetrahedron. In (imino)pyruvate, both centers are planar (sp 2 configuration), whereas for D-Ala, a tetrahedral (sp 3 ) configuration would be expected as is found, e.g., for L-lactate (Fig. 4B) . The length of the ␣CON bond is 1.39 Ϯ 0.01 Å. Comparison of this value to bond lengths of 1.47 Å in alanine (21) and 1.21 Å for the carbonyl double bond in pyruvate (22) suggests an occupancy of D-Ala and (imino)pyruvate in a ratio Ն2:1. Despite the fact that D-Ala is not the sole ligand at the active center, we conclude that the mode of binding as shown in Fig. 4A is unequivocal with respect to the position of the ␣COH bond, which is pointing toward the flavin plane.
The mode of binding of the ligands (Figs. 3 and 4) follows the pattern found with flavocytochrome b 2 , glycollate oxidase, and pkDAAO (7): (i) the carboxylate is anchored via an electrostatic interaction to the Arg-285 guanidinium group (distances 2.76 and 2.77 Å); (ii) one of the carboxylate oxygens forms H-bonds with Tyr-223OOH (2.68 Å) and Tyr-238OOH (3.36 Å); (iii) the substrate ␣-NH 3 ϩ is H-bonded symmetrically with Ser-335AO and Wat-72 (both at 2.82 Å), the latter groups serving as acceptors. Wat-72 is fixed in place by Asn-54 N␦ and Gln-339 O. None of these latter residues is in contact with groups capable of acid-base catalysis. The ligand side chain is oriented toward a hydrophobic binding pocket. This arrangement contrasts with that of pkDAAO, where only Tyr-228 (corresponding to Tyr-223 in RgDAAO) forms one H-bond to the substrate OCOO Ϫ (7, 9). In RgDAAO, both Tyr-223 and Tyr-238 thus serve in substrate binding͞fixation and do not play a functional role in chemical catalysis. In fact, mutation of each of these two Tyr to Phe does not abolish dehydrogenase activity but impairs ligand binding (19) .
In all three structures (Figs. 3 and 4) , the difference in the positions occupied by the ligand ␣-function (␣-NH 3 ϩ or ␣-OH) and the carboxylate oxygens is less than 0.2 Å. The position of the three observable ␣C substituents of D-Ala and D-F 3 -Ala define the direction of the ␣COH bond, which thus points toward the (oxidized) flavin N(5) atom, i.e., its lowest unoccupied molecular orbital (LUMO) (Fig. 4) . The same mode of fixation of the carboxylate and ␣-OH functions is retained with L-lactate, which leads to the opposite orientation of the ␣COH, i.e., to point away from the flavin.
No particular differences are observed between the structures of the enzyme in the oxidized (D-F 3 -Ala and L-lactate complexes) and in the reduced state (D-Ala complex). Specifically, the oxidized and reduced isoalloxazines and corresponding functional groups at the active site occupy identical positions (Fig. 4) , and the isoalloxazine moiety is essentially planar in all complexes. From this, we conclude that structural information obtained from the oxidized and reduced enzyme forms can be used interchangeably.
Identification of a Diatomic Species, Possibly Derived from Dioxygen,
at the Active Center. The high-resolution electron density of the complex with D-alanine permits the observation of a diatomic species with partial occupancy at the active center. A dioxygen species can be modeled into the electron density and refined to Ϸ20% occupancy (Figs. 3 and 5 ). This corresponds to 1.6 electrons (20% of 8 electrons at each atomic position) and is therefore still defined within the limits of the experimental error. The electron density does not allow a direct identification of the molecular species. O 2 , or a peroxide structural element, all of which might be involved in the reoxidation reaction, are possible candidates. The distance between the atom positions after unrestrained refinement is 1.56 (Ϯ0.04) Å, suggesting a peroxide moiety (theoretical O-O bond distance Ϸ1.5 Å, compared with 1.18 Å for O 2 ). One atom of the species is placed on the flavin plane between N(5) and (4a) ( (Figs. 3 and 4) . Second, no functional group is present at the active center that might act as an acid-base catalyst in substrate ␣COH bond cleavage. Under these circumstances, a carbanion mechanism can be excluded, because its classical formulation cannot be envisaged in the absence of a base functioning in H ϩ abstraction. This situation is reminiscent of that encountered in NAD(P)H dehydrogenases, where hydride transfer occurs within the complex between flavin and pyridine nucleotide, and where involvement of functional groups in the hydride transfer step is also not evident.
From these data, a mechanistic picture emerges that is striking in its simplicity (Fig. 6) . At optimal high pH, the Michaelis complex M1 contains amino acid with neutral ␣-NH 2 group. The orbital of the substrate ␣COH is aligned with the lowest unoccupied molecular orbital (LUMO) of the flavin N(5), with which it can overlap, and the ␣-NH 2 group is placed at Ϸ3.2 Å above the flavin positions C(4a)OC (4) (Figs. 3-5) . The ensuing hydride transfer is coupled with the transformation of the tetrahedral substrate into a planar product and leads directly to (3) is shown in green for the H-atoms. Clear density is visible for N(3), C(6), C(9), and C(1Ј) hydrogens, whereas the hydrogens at N(5), C(7)OCH 3 and C(8)OCH3 are diffuse or not observable.
complex M2 (Fig. 1) . During this process, the incipient negative charge is delocalized on the pyrimidine ring of the flavin and is stabilized by the positive charge generated on the product ␣CANH 2 ϩ group (Fig. 6 ). The interplay of these two charges is assumed to be an important factor in governing the thermodynamics of the system. The complex of reduced anionic (23) flavin with (zwitterionic) D-alanine (␣-NH 3 ϩ ) can be regarded as a mimic of this model. Agreement Between Structural and Kinetic Data. The mechanism we derive from these data (Fig. 6 ) is in agreement with the pH dependence of the rate of substrate dehydrogenation. Thus, from the pH dependence of k cat ͞K m with phenylglycine, an apparent pKa Ϸ8.1 was estimated, indicating that one of the groups involved is deprotonated at pH Ͼ pK for efficient dehydrogenation (11) . In combination with the present structural data that exclude the presence of amino acid functional groups with such properties at the active center, we attribute this pK to the substrate ␣-NH 2 group.
The proposed mechanism also agrees with the observation of large kinetic deuterium isotope effects at pH Յ 7 on the rate of flavin reduction measured in stopped-flow experiments with D-Ala as substrate. These are 3. At pH Ͼ 8, the primary isotope effect with D-Ala is decreased to Ϸ2.35 and the solvent one to Ϸ1.25 (C. M. Harris, L.P. and S.G., unpublished observations). Similar isotope effects have been reported for the T. variabilis DAAO and the substrate phenylglycine (11) . This indicates that at pH Յ 7, where the amino acid is in the ␣-NH 3 ϩ (zwitterionic) form (Michaelis complex M1, Figs. 1 and 6) , the large isotope effect found results from a multiplication of two single-isotope effects in a concerted or synchronous process (11); i.e., hydride transfer is coupled with deprotonation of the ␣-NH 3 ϩ in a single transition state. Indeed, Fitzpatrick and Massey (23) have shown that one H ϩ is released concomitantly with flavin reduction (Fig. 1b) during the anaerobic reaction of pkDAAO with D-Ala. We propose that this H ϩ originates from the amino acid ␣-NH 3 ϩ . [A second H ϩ is released in the subsequent step, the iminoacid dissociation (23) .] At pH Ͼ pK of the substrate ␣-NH 3 ϩ in M1, the (smaller) isotope effect results from fission of solely the ␣COH bond.
These results raise the question about the mode of transfer of H ϩ from the ␣-NH 3 ϩ to solvent. As shown in Fig. 4A , Ser-335AO and Wat-72 are placed to accept H-bonds from the ␣-N and are slightly displaced toward the flavin side. The geometry of Ser-335AO and Wat-72 is such that the H-bond strengths would increase during the transition from substrate (sp 3 ) to the planar transition state and product (sp 2 ). This geometry also suggests that the third proton of the ␣-NH 3 ϩ , probably the one being removed, is placed in a trans position with respect to the ␣COH. Although the NOH to be released is oriented toward bulk solvent, the ␣-NH 3 ϩ is separated from it by Ser-335OOH, which is at a distance of 4.75 Å and is in contact with Wat-457, Wat-285, and Wat-88, these in turn being in contact with solvent. By simple rotation around the ␣CO␤C bond, Ser-335OOH can be brought within H-bond distance to ␣-NH 3 ϩ and in the position required for interaction with the anticoplanar H of the latter. This geometry would be perfect for a concerted trans-elimination reaction optimal for hydride transfer, and Ser-335OOH would thus serve in the translocation of H ϩ to bulk solvent. This is in agreement with preliminary results obtained with the Ser3353Gly mutant of RgDAAO. At pH 8 and with D-Ala, the Ser-3353Gly mutation does not alter significantly the catalytic parameters compared with wild-type RgDAAO. At pH 6.0, however, k cat and the rate of flavin reduction are Ϸ1͞10 those of wild type (unpublished results). Similarly, in the recently solved structure of snake venom L-amino acid oxidase, the active-center His-223 is found to occupy two alternative positions (24) . One corresponds to that required for an interaction with the anticoplanar H of the L-substrate ␣-NH 3 ϩ . In the second, it ''swings away'' by rotation around the ␣CO␤C bond to a position similar to that of Ser-335OOH in RgDAAO, shown in Fig. 4A .
General Mechanisms of Substrate Dehydrogenation and Dioxygen
Activation. D-lactate is a substrate of both pkDAAO (25) and RgDAAO, albeit a very slow one (flavin reduction: t 1/2 Ϸ 250 min with 100 mM D-lactate at 25°C; unpublished observations). A comparison of flavin enzymes dehydrogenating ␣-OH and ␣-amino acids is thus instructive and leads to the formulation of a common mechanism. These two subclasses of enzymes have long been assumed to be related, and the finding of major differences in the nature and presence of functional groups at the active centers has been puzzling (7, 9) . In flavocytochrome b 2 and glycollate oxidase (26, 27) , a lysine-NH 3 ϩ close to the flavin pyrimidine N(1) stabilizes the charge developing on the flavin on reduction. In RgDAAO, such a group is absent; however, we propose that the same stabilization is exerted by the product ␣ANH 2 ϩ . Arg-285 appears to be involved in the stabilization of negatively charged flavin in the absence of ligands (28) . It should be noted that with DAAOs, an (additional) stabilization of negatively charged flavin is observed also in the presence of carboxylate ligands that neutralize Arg-285 (3).
In flavocytochrome b 2 and glycollate oxidase, a His (in charge relay contact with an Asp) was originally proposed to function in the abstraction of the substrate ␣COH as H ϩ (26, 27) . However, this His could serve in the abstraction of the weakly acidic ␣COOH as H ϩ (pK a for lactate ␣COOH Ϸ15), thus initiating the expulsion of hydride (29) . This would correspond to the H ϩ relay system (base pair) functioning in H ϩ abstraction from COOH in the dehydrogenation catalyzed by pyridine nucleotide dependent lactate dehydrogenases (30) . Such a system is absent in RgDAAO. At high pH (Ն8), the substrate amino acid binds in the ''␣-NH 2 form'' that is suitable for immediate hydride transfer. At pH Յ 7 (␣-NH 3 ϩ form), the H ϩ liberated during hydride transfer is proposed to be relayed to bulk solvent via an H-bridge to Ser-335OOH. In pkDAAO, an analogous function could be envisaged for Tyr-224 and in L-amino acid oxidase for His-223 (24) .
The pK a of ␣-NH 3 ϩ is Ϸ6 units lower compared with that of a corresponding ␣-OH in a carboxylic acid. Consistent with this difference, the rate of D-Ala dehydrogenation by RgDAAO at pH 8.5 is seven orders of magnitude higher than that for D-lactate. These considerations suggest that dehydrogenation of ␣-amino and of ␣-hydroxyacids by flavoproteins proceeds by the same hydride transfer mechanism (see Fig. 6 ). It should be stressed, however, that an evident dilemma exists in that a hydride transfer mechanism cannot rationalize the elimination reactions observed with both classes of enzymes. Although alternate mechanisms cannot be discussed here in detail, we hypothesize that elimination proceeds via secondary reactions as suggested earlier (31) . In view of the absence of base functional groups, it is most unlikely that this occurs at the level of oxidized flavin with DAAO. An elimination starting at the level of reduced enzyme flavin͞iminoacid complex is a more probable alternative (31) .
With f lavin monooxygenases, dioxygen activation has been shown to proceed via C(4a) covalent hydroperoxides (32) , which are remarkably stable. With oxidases, the identification of such species has been elusive, the assumed reason being their kinetic instability. In our structure, the atomic distances would be compatible with a dioxygen species bound to either the f lavin positions N(5) or C(4). Chemical arguments and the analogy to monooxygenases would rather point toward a link to C(4a).
In conclusion, the present results add strong arguments in favor of the hydride transfer mechanism in its classical formulation (33) and fully support the proposal of Mattevi et al. (7) . This mechanism appears to be uncommon in that the chemical transformations can proceed efficiently without the involvement of amino acid functional groups. Most groups present at the active site are involved in substrate recognition, binding, and fixation, i.e., they direct the trajectory of the interacting orbitals. This ability is a primary constituent of the catalytic power of DAAO. Hydride transfer is accompanied by bond reorganization and transformation of the tetrahedral substrate ␣C-center into a planar product. The present mechanism would represent a mode of catalysis in which orbital steering͞interactions are the predominant factors for the chemical step(s). It would be in line with the concepts, discussed recently by Koshland's group (34) , that orbital orientation is a major quantitative factor in enzyme catalysis.
